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Campylobacter jejuni is a major pathogen in bacterial gastroenteritis worldwide and can cause
bacteremia in severe cases. C. jejuni is highly structured into clonal lineages of which the ST677CC
lineage has been overrepresented among C. jejuni isolates derived from blood. In this study, we
characterized the genomes of 31 C. jejuni blood isolates and 24 faecal isolates belonging to ST677CC
in order to study the genome biology related to C. jejuni invasiveness. We combined the genome
analyses with phenotypical evidence on serum resistance which was associated with phase variation

. of webK; a GDP-mannose 4,6-dehydratase involved in capsular biosynthesis. We also describe the

. finding of a Type Ill restriction-modification system unique to the ST-794 sublineage. However,

. features previously considered to be related to pathogenesis of C. jejuni were either absent or

. disrupted among our strains. Our results refine the role of capsule features associated with invasive

. disease and accentuate the possibility of methylation and restriction enzymes in the potential of C.

. jejuni to establish invasive infections. Our findings underline the importance of studying clinically
relevant well-characterized bacterial strains in order to understand pathogenesis mechanisms
important in human infections.

Campylobacter is the most commonly reported cause of bacterial gastroenteritis, with an estimated finan-

cial burden of ~2.4 billion euros a year in the European Union (EU) alone'?. Campylobacteriosis is
. usually a self-limiting disease, although in more severe cases hospitalization and antimicrobial treatment
. may be needed. Most infections are caused by C. jejuni and considered the main precedent for the devel-
. opment of Guillain-Barré syndrome (GBS); a severe demyelinating neuropathy, which is estimated to
© occur in 1/1.000-10.000 Campylobacter cases>*. Bacteremia, another complication of C. jejuni infection
. with appreciable mortality rates®®, has been estimated to occur in ~1% of C. jejuni infections®’.
: Multilocus sequence typing (MLST) is considered the golden standard for describing the popula-
: tion structure of C. jejuni and referral to C. jejuni as lineages such as sequence types (STs) and clonal
. complexes (CCs) is generally accepted as an informative tool'®!!. MLST involves the analysis of seven
. housekeeping genes to deduce relationships between isolates and studies have shown that the C. jejuni
© population structure is weakly clonal'?. Currently, more than 7.000 sequence types have been described
. (PubMLST database for Campylobacter, pubmlst.org/campylobacter, last accessed 22/04/2015).

The first whole genome sequence of C. jejuni'® revealed a small genome with a relatively low GC
content (~1.6 Mpb; ~30.6% GC content), but known virulence factors, found in other intestinal patho-
gens, were not identified. Additional whole genome sequencing studies, including one or few C. jejuni
strains, have demonstrated putative pathogenic factors to some extent!*-'s. However, the pathogenesis
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Figure 1. Phylogenomic overview of 63 C. jejuni strains belonging to the ST677CC lineage. For
visualization purposes, the strains derived from blood have the prefix ‘B’ and the strains derived from faeces
have the prefix ‘F’ Strains described in this study are shaded red (blood-derived ST677), green (blood-
derived ST-794), blue (faecal ST-677) and teal (faecal ST-794). The farm-derived strain 5070 is shaded
orange.

mechanisms of C. jejuni are still largely unknown. To date, the majority of the whole genome sequenced
C. jejuni strains originate from human and animal faecal samples'*'*!¢. Also, C. jejuni strains from water
and wildlife have been sequenced'®. Although novel virulence mechanisms may be discovered when
sequencing C. jejuni isolates derived from severe infections, like bacteremia, such studies are currently
lacking.

We previously characterized blood and faecal C. jejuni isolates from Finnish patients and showed that
MLST lineage ST677CC accounted for 48% of C. jejuni blood isolates'” and 11.7% of C. jejuni faecal
isolates'®. Moreover, this lineage has been only scarcely reported elsewhere in the world and makes up
a bleak 0.2% of C. jejuni deposited in the pubMLST database (PubMLST database for Campylobacter,
pubmlst.org/campylobacter, last accessed 22/04/2015). Interestingly, in our earlier study this particular
lineage was declining among faecal isolates'® whereas it remained stable in numbers among the blood
isolates, collected during the same time period as the faecal isolates'”. A particular feature of the blood
derived ST677CC isolates was their resistance to normal human serum (NHS). Although there was var-
iation in the level of serum resistance, the average serum resistance of the ST677CC blood isolates was
significantly higher than for those blood isolates belonging to other lineages'”. Recently, Kivisto et al.
(2014) described the comparative genomics of five ST677CC C. jejuni strains isolated at chicken farms
and showed that the genomes of these strains were extremely homogeneous'®. In the present study, we
analyzed the genomes of 31 blood and 24 faecal C. jejuni isolates belonging to the ST677CC lineage to
detect novel aspects of invasive C. jejuni. We also characterized the serum resistance of the faecal strains
and combined the results with serum resistance data on the blood isolates'” and the genome data pro-

vided here.

Results
Phylogenomic overviews. The genomes of the ST677CC strains were aligned with previously pub-
lished C. jejuni genomes belonging to other lineages (Fig. S1). This analysis shows that the ST677CC
lineage is rather unique and clusters away from other commonly found lineages ST21CC and ST45CC.
A second whole genome alignment of the ST677CC strains only (n= 63, including the 55 strains charac-
terized in this study) revealed that the two sublineages, ST-677 and ST-794, showed different distribution
patterns; ST-677 was not confined to a single cluster, whereas ST-794 was mainly found in one cluster
together with several ST-677 strains (Fig. 1). The clinical strains did not cluster according to the source
of origin but rather, smaller clusters containing strains derived from both blood and faeces were found
(Fig. 1). However, the only non-clinical strain 5070'°, clustered away from the clinical strains.

A second approach was used to refine the ST677CC genome comparisons by using the core genome
alignment tool Parsnp (http://harvest.readthedocs.org/en/latest/content/parsnp.html, last accessed
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22/04/2015). In this analysis ST-677 and ST-794 were well separated from one another (Fig. S2) and the
chicken farm-derived strain (5070) clustered together with the ST-677 strains.

Association of serotype, capsular features and serum resistance. All ST677CC strains in our
study belonged to heat stable capsule type HS4', but the HS4 capsule of the ST677CC strains could be
further subdivided into four different groups (Fig. S3). Group A contained the majority of the ST677CC
strains (39/55) and possessed another gene cluster located between HS4.07 and HS4.08. The second HS4
CPS group (B) was similar to group A, except that group B had an inverted HS4.07 located outside the
capsule locus. This group contained only six strains, all derived from blood. The third group (C) also
contained six strains and was similar to group A, except that the region spanning HS4.08-HS4.15 was
inverted and the extra gene cluster was located between HS4.15 and HS4.16 (Fig. S3A). Finally, the last
group (D) included four strains and was divided into two clusters, separated by a long stretch of unre-
lated DNA (Fig. S3B). Also, all four groups carried a C. jejuni subsp. doylei like capsular gene cluster
earlier described by Kivisto et al. (2014)'¢. Common to all ST677CC strains was the loss of the upstream
homopolymeric G tract and subsequent disruption of the HS4.07 ORE. The C. jejuni capsule has been
associated with serum resistance? and earlier we have observed that the ST677CC strains from blood
exhibit higher levels of serum resistance than those strains belonging to other lineages'’. Here, we per-
formed serum sensitivity assays on 31 faecal ST677CC isolates, of which 23 were also genome sequenced
in this study. The faecal ST677CC isolates exhibited a wide range of serum sensitivity, with an average
serum resistance of 45%, which is comparable to the earlier observed serum resistance of the blood
isolates'”. Subsequently, we looked for features in the capsule loci of ST677CC that may attribute to the
observed levels of serum resistance. We found that the homopolymeric tract length of wcbK, encoding a
GDP-mannose 4,6-dehydratase could be associated to different levels of serum resistance. Two different
groups of strains were observed; the first group contained a wcbK with a 9-G homopolymeric tract and
was predicted to encode an intact webK and the second group, with 8-G and 10-G homopolymeric tracts,
putatively encoded a disrupted wcbK (Table 1). The average serum resistance of strains belonging to the
first group (containing an intact webK ORF with a 9-G homopolymeric tract) was significantly lower
than that of the strains belonging to the second group (Table 2).

Restriction modification systems. We describe a novel Type III restriction modification (RM)
system among ST677CC sublineage ST-794. A blastP query with the restriction subunit against the
Concise Microbial Protein Database, http://www.ncbi.nlm.nih.gov/genomes/prokhits.cgi, last accessed
22/04/2015, showed ten homologs in distant species and only one in e-proteobacteria: Helicobacter aci-
nonychis (Hac) (Table S2). Phylogenetic reconstruction of the restriction (res) subunit tCDS (RC45_08390;
strain 539) showed that the res subunit of ST-794 was phylogenetically distinct from those found in other
e-proteobacterial species (Fig. 2). Inspection of the genomic region with RAST’s integrated SEED viewer
focusing on the res subunit showed that it was similar to res subunits found among several Mycoplasma
species (Fig. S4). The Type III RM was in a cluster together with several hypothetical proteins and an
integrase and was located next to the tRNA-Val.

BlastP queries on our dataset of an earlier identified Helicobacter pylori-like Type II RM', consist-
ing of ulcer-associated endonuclease iceAl and ulcer-associated adenine-specific DNA methyltransferase
hpyIM and an additional orphan DNA methylase showed that this particular cluster was also present
among all our 55 ST677CC strains.

Two disrupted Type I RM systems, one disrupted Type IV (McrBC system) and a unique
adenine-specific DNA methylase were found among our 55 strains.

Campylobacter jejuni integrated elements (CJIE). Currently, four CJIE are known for C. jejuni
of which CJIEl and CJIE2 were detected among our strains (Table 1). Although CJIE1 was present
among all our strains, 16 strains contained CJIE1 which missed 24 ORFs, most of which correspond
to phage-related and hypothetical proteins. CJIE2 was only present among 11 strains; six derived from
blood and five derived from faeces (Table 1). CJIE3 and CJIE4 were not found among our strains. We
present here a putative fifth C. jejuni integrated element (CJIE5), which was found among 14 ST-677
strains only (Table 1, Fig. 3). This element spans a ~28 kb region and was located next to tRNA-Leu. Two
endonucleases were identified on CJIE5: a DNA/RNA non-specific endonuclease (red ORF in Fig. S5)
and an Eco571I endonuclease (green ORF in Fig. S5).

Virulence traits. Previously identified virulence trait cytolethal distending toxin (CDT)* was dis-
rupted among our ST677CC strains. Also, other virulence traits such as genes for lipooligosaccharide
sialylation, and metabolism related virulence factors ~-glutamyl transpeptidase (GGT) and fucose per-
mease (Cj0486) were all absent from the ST677CC lineage. Conversely, iron acquisition of the ST677CC
strains resembled that of the highly virulent strain 81-176'?2 Three putative Type Vb secretion systems
(T5bSS), two of which cluster with a filamentous haemagglutinin domain protein (FHA) were recently
identified among the ST677CC lineage'® and were also present among our 55 ST677CC strains (data not
shown).
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2 677 1.67 26 «l B 10
8 677 1.62 28 R A 10
10 677 1.65 26 N B 9
13 677 1.64 18 \* B 10
14 677 1.67 22 R A 10
16 677 1.64 21 \/ A 9
24 677 1.66 22 \/ B 9
26 677 1.63 23 V B 9
36 677 1.66 29 «/ A 9
39 677 1.63 17 «/ C 9
40 677 1.64 28 A A 9
47 677 1.63 17 V A 9
58 677 1.63 19 A 10
59 677 1.63 19 y A 10
61 677 1.63 17 y A 9
62 677 1.64 19 V A 10
64 677 1.64 18 V¥ A 10
78 677 1.63 27 V A 9
86 677 1.63 18 V A 9
92 677 1.63 17 V A 9
94 677 1.64 21 Vx A 9
95 677 1.63 36 V A 10
100 677 1.67 17 V A 10
12 794 1.63 15 R «l A 10
32 794 1.67 21 v v A 9
33 794 1.63 14 R R D 9
34 794 1.63 18 v V A 10
41 794 1.63 17 R «l A 9
52 794 1.63 17 R «/ B 9
73 794 1.67 16 \/ \/ A 9
85 794 1.63 19 V y A 9
519 677 1.64 21 V* C 9
520 677 1.68 28 A A 9
521 677 1.67 16 Y C 10
522 677 1.64 19 v A 10
523 677 1.66 19 «/ A 9
524 677 1.67 49 V* D 10
525 677 1.64 15 Vx A 9
526 677 1.66 20 V A 9
527 677 1.64 20 V* C 10
528 677 1.64 16 V* A 10
529 677 1.63 27 V A 9
530 677 1.65 28 V A 9
531 677 1.66 19 y A 10
532 677 1.64 19 V A 10
533 677 1.65 37 v A 9
534 677 1.63 15 C 9
Continued
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535 677 1.63 18 «l D 9
536 677 1.64 15 \* v C 9
537 677 1.63 20 \/ A 9
538 677 1.67 18 w/ w/ A 10
539 794 1.63 16 y Y A 10
540 794 1.63 16 \/ \/ A 8
541 794 1.63 20 \/ y A 9
542 794 1.63 13 Y Y D 10

Table 1. Main characteristics of ST677CC C. jejuni genomes of blood isolates (numbered 2-100) and
faecal isolates (numbered 519-542). Strains are ordered by origin (blood and faeces) and sequence type
(ST-677 and ST-794). The ST-794 strains are shaded grey. Presence and absence of C. jejuni integrated
elements (CJIE1, CJIE2 and CJIE5), HS4 capsule (CPS) subdivisions and the wcbK homopolymeric (hp)
G-tract is shown. Intact wcbK ORFs are indicated in bold in the last column. "Number of contigs before in
silico gap closing, concatenation and re-ordering of the supercontigs. "Partial CJIE1 sequence. “CJIE5: Newly

*h

identified in this study. " Type III restriction-modification (RM) system which was unique to the ST-794

sublineage.
g+ 0 1
62
10% 12 9
g 19 13 335 <o0.01f

Table 2. Association of wcbK homopolymeric G tract with serum resistance in the ST677CC lineage.
"For one faecal strain serum resistance was not performed. “wcbK gene ORF truncated. "“wcbK gene ORF
intact. TStudent’s t-test (intact wcbK ORF with 9 G’s vs truncated wcbK ORF with 8 or 10 G’s).

Discussion

Generally, the ST677CC genomes characterized in this study were similar in size (Table 1) and GC
content (~30.3%) as previously shown for C. jejuni genomes'>'*. In the phylogenomic overview, includ-
ing strains belonging to other lineages, the ST677CC strains formed a tight cluster away from other
major lineages, such as ST21CC and ST45CC. In a more detailed whole genome analysis only includ-
ing ST677CC strains, smaller clusters for ST-677 were observed and one major cluster for ST-794 was
found. However, some ST-677 and ST-794 clustered closely with one another and a further analysis, only
including the core genomes of the ST677CC strains, indicated that the similarities between the two STs
in the whole genome analysis could be mainly due to a partially shared pool of accessory gene content.
Accessory gene content may be acquired in a host-dependent manner, which is supported by the whole
genome analysis in which the chicken farm strain clustered far away from the clinical strains. Once
available, it will be interesting to perform analyses with ST677CC strains derived from a wider range of
hosts and environments and attempt to detect traces of host-dependent horizontal gene transfer (HGT).

One of our earlier major findings among the blood isolates belonging to the ST677CC lineage was the
overall higher serum resistance when compared to other major C. jejuni lineages ST21CC and ST45CCY.
Here, we performed additional serum resistance studies with the faecal ST677CC isolates, which showed
that these strains exhibited a wide range of serum sensitivity with an average serum resistance compa-
rable to that of the blood isolates'”. These results indicate that the ST677CC lineage is intrinsically more
serum resistant than other major C. jejuni lineages and that serum resistance is not dependent on the
site of isolation.

The capsule of C. jejuni has been implied to play an important role in serum resistance and the devel-
opment of C. jejuni mediated bacteremia®. All ST677CC strains in our study belonged to capsule type
HS4, which has commonly been detected among C. jejuni derived from blood cultures®. Interestingly,
we found four different HS4 capsule groups pronounced by genomic rearrangements, which occurred
adjacent to the open reading frame (ORF) of disrupted HS4.07 (encoding an O-methyl phosphoramidate
(MeOPN) transferase). It is likely that the observed truncation and loss of the homopolymeric G tract
upstream of this ORF are due to these frequent recombinational events.

We further looked into a proposed association of phase-variated wcbK and serum resistance's. We
found that C. jejuni strains which have disrupted wcbK exhibited a higher serum resistance than those
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Figure 2. Phylogeny of Type III restriction modification system protein sequences. The Type III RM of
e-proteobacteria C. jejuni RM1221 (bold-faced) and C. jejuni 539 (ST-794; bold-faced), C. coli, C. upsaliensis
JV21, Helicobacter acinonychis and Helicobacter bilis are included and related sequences of organisms are
listed in Table S1. Amino acid sequences were aligned using MAFFT (http://mafft.cbrc.jp/alignment/server/
index.html, last accessed 22/04/2015) and cleaned up using Gblocks**. Maximum likelihood analysis was
performed in MEGA6™ as described in Materials and Methods.

strains encoding an intact wcbK. Interestingly, these results are in line with the skewed distribution of
C. fetus subsp. fetus serotype A which is more commonly found among blood isolates than serotype B.
This phenomenon has been attributed to the absence of wcbK in serotype A and moreover the increased
serum resistance of serotype B AwcbK mutants®. Thus, it is feasible that absence of the GDP-mannose
4,6-dehydratase product on the HS4 capsule most likely led to higher serum resistance, possibly leading
to prolonged survival in the bloodstream and subsequently the establishment of bacteremia. These results
indicate that certain C. jejuni capsular structures more closely resemble those of C. fetus subsp. fetus and
that functions of capsular structures can cross the species boundaries in Campylobacter.

C. jejuni is considered a naturally competent organism and contains horizontally acquired gene con-
tent?*-2, Nevertheless, restriction modification systems, orphan methylases and endonucleases are ubig-
uitous among C. jejuni'**>?5, We describe a unique Type III RM system among strains belonging to
sublineage ST-794 and show that it is distinct from previously characterized Type III RM systems in
Campylobacter and H. pylori. It is likely that this Type III RM has been horizontally acquired from a
distant species, possibly as part of a small conjugative element. Another putatively horizontally acquired
RM system was found among ST677CC strains (this study and 16) and consists of an ulcer-associated
endonuclease, similar to H. pylori iceAl and ulcer-associated adenine-specific DNA methyltransferase
hpyIM. Homologs of these proteins are found in Riemerella anatipestifer and Gallibacterium anatis (previ-
ously Pasteurella anatis); pathogens responsible for causing bacteremia in ducks and laying hens, respec-
tively, but these homologs are absent among C. jejuni belonging to other major lineages's. Moreover, two
orphan adenine-specific methylases were also identified, one of which was located in the same cluster
as the iceA1/hpyIM genes. Recently, unique adenine methylation profiles of a sheep abortion clone were
found when compared with methylation profiles of enteritis isolates”” and adenine methylation has been
shown to play a vital role in the establishment of Salmonella Typhimurium in deeper tissue sites?. These
observations indicate that methylation could play a substantial role in the establishment of invasive
infections and both the ST-794 Type III RM and the iceA1/hpyIM gene cluster could represent additional
methylation mechanisms in C. jejuni which will require further characterization.
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Figure 3. BRIG representation of CJIE5 among ST677CC C. jejuni blood and faecal strains. Blood strain
13 was used as a reference. Blood strains belonging to ST-677 are colored red, blood strains belonging to
ST-794 are colored orange. Faecal strains belonging to ST-677 are colored blue, faecal strains belonging to
ST-794 are colored green. RM1221-CJIE1 is plotted in black on the outer circle.

Degeneration of RM systems may be associated with the presence of mobile genetic elements*~°.

Four C. jejuni integrated elements (CJIE1-4) have been identified so far; of which CJIE1 has been the
one most commonly found and best characterized®' and was also found among all our strains. Here, we
found a fifth and novel integrated element, CJIE5 among a subset of ST-677 strains, which encodes two
additional restriction endonucleases. Interestingly, the presence of CJIE5 seemed to coincide with the
observed loss of CJIE1 ORFs corresponding to prophage I and F proteins, tail fiber protein H, baseplate
assembly proteins ] and V and several hypothetical proteins (Table 1). The absence of these ORFs was
more commonly observed among our faecal strains than our blood strains. The driving force behind this
jump-out is elusive; however as it is likely that our blood-derived C. jejuni first travelled through the gut,
it is possible that selection for the absent ORFs may have occurred during gut passage, a phenomenon
earlier demonstrated in chickens®’. Four of the missing ORFs have been shown to be induced upon
exposure to bile acid®® and collectively, these observations suggest that resistance to bile may play a role
in disrupting CJIEI.

Integrated element CJIE3 was not found in the ST677CC lineage. This is interesting as presence of a
Type VI secretion system on CJIE3 was shown earlier’*?*, and was involved in lysing erythrocytes and
suggested to be important in the establishment of invasive infections®. However, its absence among the
ST677CC lineage indicates that its presence is not required for invasive infection by the ST677CC line-
age. Additionally, the traditional virulence trait cytolethal distending toxin?! was found to be disrupted
among all the ST677CC strains (this study and 16). Further virulence traits such as genes for lipooligo-
saccharide sialylation, and metabolism related virulence factors ~-glutamyl transpeptidase (GGT) and
fucose permease (Cj0486) were all absent from the ST677CC lineage, which is in agreement with earlier
locus-based presence/absence PCR screening studies®®*. On the other hand, iron acquisition of the
ST677CC strains has been shown to resemble that of the highly virulent strain 81-176'%%. Interestingly,
three putative Type Vb secretion systems (T5bSS) were recently identified among the ST677CC lineage'®
and were also present among our 55 ST677CC strains (data not shown). Two of the putative T5bSS
clustered with a filamentous haemagglutinin domain protein (FHA)'S, a paralog of which has earlier
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demonstrated adhesive abilities®. These systems, yet especially the two distinct FHA proteins, could
represent novel invasion proteins among C. jejuni.

Our study shows that the ST677CC lineage has the potential to encode a diverse arsenal of epi-
genetic regulatory mechanisms which could have played a role in the invasive nature of the strains.
However, absence or truncation of previously defined virulence factors indicate that such are not neces-
sarily detected among invasive isolates. This makes it increasingly clear that previously adopted ‘virulence
genes, described for a limited number of strains, may not be widely distributed among the species. Our
study highlights the importance of global genomic and phenotypical characterization of a representa-
tive number of strains associated with particular clinical outcomes, which deserves consideration in the
design of future molecular microbiological studies.

Materials and Methods

Bacterial isolates and DNA extraction. The bacterial isolates characterized in this study were
derived from human bacteremia or gastrointestinal infections. Frozen stocks of a total of 31 blood iso-
lates® and 31 faecal isolates'®* were cultivated onto Columbia blood agar (CBA; Oxoid, Basingstoke, UK)
plates and incubated at 42 °C for 24-48 hours in a microaerobic atmosphere (CampyGen; Oxoid). DNA
was extracted with the Qiagen DNeasy Blood and Tissue kit (Qiagen Sciences, Germantown, MD, USA),
and subjected to whole genome sequencing.

Whole genome sequencing, assembly and visvalization. Whole genome sequencing was con-
ducted using the MiSeq Desktop Sequencer (Illumina, San Diego, CA, USA). For each sample, 50ng
of extracted DNA was applied for sequencing library construction using the Nextera XT DNA Sample
Preparation and Indexing Kits (Illumina). Sample preparation and 24-plex indexing were performed
according to the manufacturer’s instructions. Normalisation of the quantities of pooled samples was done
by measuring the DNA concentrations of individual sequencing libraries using Qubit® (Life Technologies,
Carlsbad, CA, USA). Paired-end sequencing (2x251 bases) with two index reads was performed using
the MiSeq Reagent Kit v2 (Illumina) at Blueprint Genetics Oy, University of Helsinki.

Quality of raw Illumina paired-end reads was checked using FastQC . The reads were trimmed
using trimomantics in paired-end mode*'. De novo assembly of the reads was done using SPAdes 3.0.0
and a5 miseq pipeline (20140113)*>*. In addition to the assemblers’ built-in scaffolder, SSPACE v3*, a
standalone scaffolder, was used to generate scaffolds from assembly contigs. Gaps within the scaffolds
were closed using GapCloser v1.12%. In each stage, results generated by different tools were compared
in order to choose the optimum assembly using QUAST v2.3%. Mauve*” was used to re-order the super-
contigs using C. jejuni strains RM1221 and ATCC 43432 as reference genomes (accession numbers:
NC_003912 and HQ343267). Primary annotation of all strains was performed using Rapid Annotation
using Subsystem Technology (RAST)*, and later, the sequences were manually curated using Artemis®.
Final annotation was done using NCBI Prokaryotic Genome Annotation Pipeline (NCBI_PGAP). All
analyses were conducted in the high-performance supercluster Taito at CSC (IT-Center of Science),
Finland.

BLAST Ring Image Generator (BRIG) was used to visualize genome comparisons®.

Phylogenomics. The fragmented alignment tool Gegenees® was used to perform two reciprocal
BLAST-assisted whole genome alignments to obtain phylogenomic overviews. First, our 55 ST677CC
genomes were aligned with 51 previously sequenced C. jejuni strains which belonged to 16 different
lineages to obtain a phylogenomic overview of the species. For this alignment, blastN was performed
with 500bp fragment sizes and a sliding window (step size) of 500bp. Secondly, our ST677CC genomes
together with the genomes of six ST677CC strains from human gastroenteritis in England (the Oxford
sentinel surveillance study; http://pubmlst.org/campylobacter/info/Oxfordshire_sentinel_surveillance.
shtml, last accessed 22/04/2015), one ST677CC strain from a meningitis case in Sweden and the recently
described chicken farm-derived ST677CC strain 5070'¢. The BlastN option was used with 200bp frag-
ment sizes and a sliding window of 100 bp. Threshold levels were set at 0% of the maximum score values.
The pair-wise similarities were exported in Nexus file format and visualized in SplitsTree4 as a split
network. To visualize the core genome of the ST677CC lineage only, the harvest suite tool Parsnp (http://
harvest.readthedocs.org/en/latest/content/parsnp.html, last accessed 22/04/2015) was used*. A randomly
chosen reference was aligned against all ST677CC genomes (-c) using recombination detection (-x). The
tree was visualized using MEGA6™.

Serum sensitivity assay and serotyping. Serum sensitivity assays were performed as described
previously'”. Serotyping was performed using commercially available serotyping set (Campylobacter
Antisera Seiken Set, Denka Seiken, Tokyo, Japan) based on heat-stable Penner’s antigen as previously
described®. Antigens from Campylobacter were extracted with nitric acid and sensitized to chicken
erythrocytes. They were then tested against 25 different antisera and checked for agglutination according
to the manufacturer’s instructions.
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Phylogenetic analysis. For reconstruction of the phylogeny of the res subunit of the ST-794 Type
III RM system the amino acid sequences of e-proteobacterial Type III res subunits and other Type III
res subunits were aligned using MAFFT L-Ins-i at http://mafft.cbrc.jp/alignment/server/index.html, last
accessed on 22/04/2015, and cleaned up using Gblocks®. The phylogeny was reconstructed by maximum
likelihood analysis in MEGA6* with 500 bootstraps using the WAG substitution model, G+1 rates, SPR
heuristics and made use of all informative sites left after Gblocks cleaning.

References

1.

2.

3.

10.

11

13.

14.

15.

16.

17.

18.

19.

20.

21

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Anonymous. Analysis of the baseline survey on the prevalence of Campylobacter in broiler batches and of Campylobacter and
Salmonella on broiler carcasses in the EU, 2008. EFSA J. 8, 1503-1599 (2010).

Anonymous. The European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks
in 2013. EFSA J. 13, 51-58 (2015).

McCarthy, N. & Giesecke, J. Incidence of Guillain-Barré syndrome following infection with Campylobacter jejuni. Am. J.
Epidemiol. 153, 610-614 (2001).

. Tam, C. C. et al. Incidence of Guillain-Barré syndrome among patients with Campylobacter infection: a general practice research

database study. J. Infect. Dis. 194, 95-97 (2006).

. Skirrow, M. B., Jones, D. M., Sutcliffe, E. & Benjamin, J. Campylobacter bacteraemia in England and Wales, 1981-91. Epidemiol.

Infect. 110, 567-573 (1993).

. Reed, R. P, Friedland, L. R., Wegerhoff, E. O. & Khoosal, M. Campylobacter bacteremia in children. Pediatr. Infect. Dis. J. 15,

345-348 (1996).

. Nielsen, H. et al. Bacteraemia as a result of Campylobacter species: a population-based study of epidemiology and clinical risk

factors. Clin. Microbiol. Infect. 16, 57-61 (2010).

. Louwen, R. et al. Campylobacter bacteremia: a rare and under-reported event? Eur. J. Microbiol. Immunol. 2, 76-87 (2012).
. Feodoroff, B., Lauhio, A., Ellstrom, P. & Rautelin, H. A nationwide study of Campylobacter jejuni and Campylobacter coli

bacteremia in Finland over a 10-year period, 1998-2007, with special reference to clinical characteristics and antimicrobial
susceptibility. Clin. Infect. Dis. 53, €99-¢106 (2011).

Maiden, M. C. et al. Multilocus sequence typing: a portable approach to the identification of clones within populations of
pathogenic microorganisms. Proc. Natl. Acad. Sci. USA. 95, 3140-3145 (1998).

. Dingle, K. E. et al. Multilocus sequence typing system for Campylobacter jejuni. J. Clin. Microbiol. 39, 14-23 (2001).
. Colles, F. M. & Maiden, M. C. J. Campylobacter sequence typing databases: applications and future prospects. Microbiology 158,

2695-2709 (2012).

Parkhill, J. et al. The genome sequence of the food-borne pathogen Campylobacter jejuni reveals hypervariable sequences. Nature
403, 665-668 (2000).

Fouts, D. E. et al. Major structural differences and novel potential virulence mechanisms from the genomes of multiple
campylobacter species. PLoS Biol. 3, e15 (2005).

Hepworth, P. J. et al. Genomic variations define divergence of water/wildlife-associated Campylobacter jejuni niche specialists
from common clonal complexes. Environ. Microbiol. 13, 1549-1560 (2011).

Kivisto, R. I. et al. Evolution and comparative genomics of Campylobacter jejuni ST-677 clonal complex. Genome Biol. Evol. 6,
2424-2438 (2014).

Feodoroff, B. et al. Clonal distribution and virulence of Campylobacter jejuni isolates in blood. Emerg. Infect. Dis. 19, 1653-1655
(2013).

De Haan, C. P. A, Kivist, R,, Hakkinen, M., Rautelin, H. & Hanninen, M. L. Decreasing trend of overlapping multilocus
sequence types between human and chicken Campylobacter jejuni isolates over a decade in Finland. Appl. Environ. Microbiol.
76, 5228-5236 (2010).

Poly, E. et al. Discrimination of major capsular types of Campylobacter jejuni by multiplex PCR. J. Clin. Microbiol. 49, 1750-1757
(2011).

Keo, T, Collins, J., Kunwar, P, Blaser, M. ]. & Iovine, N. M. Campylobacter capsule and lipooligosaccharide confer resistance to
serum and cationic antimicrobials. Virulence 2, 30-40 (2011).

. Poly, F. & Guerry, P. Pathogenesis of Campylobacter. Curr. Opin. Gastroenterol. 24, 27-31 (2008).
22.
23.

Hofreuter, D. et al. Unique features of a highly pathogenic Campylobacter jejuni strain. Infect. Immun. 74, 4694-4707 (2006).
Kienesberger, S. et al. Comparative genome analysis of Campylobacter fetus subspecies revealed horizontally acquired genetic
elements important for virulence and niche specificity. PloS One 9, e85491 (2014).

Wang, Y. & Taylor, D. E. Natural transformation in Campylobacter species. J. Bacteriol. 172, 949-955 (1990).

Gaasbeek, E. J. et al. A DNase encoded by integrated element CJIEI inhibits natural transformation of Campylobacter jejuni.
J. Bacteriol. 191, 2296-2306 (2009).

Gaasbeek, E. J. et al. Nucleases encoded by the integrated elements CJIE2 and CJIE4 inhibit natural transformation of
Campylobacter jejuni. J. Bacteriol. 192, 936-941 (2010).

Mou, K. T. et al. A comparative analysis of methylome profiles of Campylobacter jejuni sheep abortion isolate and gastroenteric
strains using PacBio data. Front. Microbiol. 5, 782 (2014).

Heithoff, D. M., Sinsheimer, R. L., Low, D. A. & Mahan, M. J. An Essential Role for DNA Adenine Methylation in Bacterial
Virulence. Science 284, 967-970 (1999).

Oliveira, P. H., Touchon, M. & Rocha, E. P. C. The interplay of restriction-modification systems with mobile genetic elements
and their prokaryotic hosts. Nucleic Acids Res. 42, 10618-10631 (2014).

Dugar, G. et al. High-resolution transcriptome maps reveal strain-specific regulatory features of multiple Campylobacter jejuni
isolates. PLoS Genet. 9, €1003495 (2013).

Clark, C. G. Sequencing of CJIE1 prophages from Campylobacter jejuni isolates reveals the presence of inserted and (or) deleted
genes. Can. J. Microbiol. 57, 795-808 (2011).

Hanninen, M. L., Hakkinen, M. & Rautelin, H. Stability of related human and chicken Campylobacter jejuni genotypes after
passage through chick intestine studied by pulsed-field gel electrophoresis. Appl. Environ. Microbiol. 65, 2272-2275 (1999).
Malik-Kale, P., Parker, C. T. & Konkel, M. E. Culture of Campylobacter jejuni with sodium deoxycholate induces virulence gene
expression. J. Bacteriol. 190, 2286-2297 (2008).

Lertpiriyapong, K. et al. Campylobacter jejuni type VI secretion system: roles in adaptation to deoxycholic acid, host cell
adherence, invasion, and in vivo colonization. PloS One 7, e42842 (2012).

Bleumink-Pluym, N. M. C,, van Alphen, L. B., Bouwman, L. I, Wosten, M. M. S. M. & van Putten, ]. P. M. Identification of a
functional type VI secretion system in Campylobacter jejuni conferring capsule polysaccharide sensitive cytotoxicity. PLoS
Pathog. 9, €1003393 (2013).

SCIENTIFIC REPORTS | 5:17300 | DOI: 10.1038/srep17300 9


http://mafft.cbrc.jp/alignment/server/index.html

www.nature.com/scientificreports/

36. De Haan, C. P. A, Llarena, A.-K,, Revez, ]. & Hinninen, M.-L. Association of Campylobacter jejuni metabolic traits with
multilocus sequence types. Appl. Environ. Microbiol. 78, 5550-5554 (2012).

37. Ellstrom, P,, Feodoroff, B., Hinninen, M.-L. & Rautelin, H. Characterization of clinical Campylobacter jejuni isolates with special
emphasis on lipooligosaccharide locus class, putative virulence factors and host response. Int. J. Med. Microbiol. IJIMM 303,
134-139 (2013).

38. Asakura, H. et al. Molecular evidence for the thriving of Campylobacter jejuni ST-4526 in Japan. PloS One 7, €48394 (2012).

39. Kérenlampi, R., Rautelin, H., Schonberg-Norio, D., Paulin, L. & Hinninen, M.-L. Longitudinal study of Finnish Campylobacter
jejuni and C. coli isolates from humans, using multilocus sequence typing, including comparison with epidemiological data and
isolates from poultry and cattle. Appl. Environ. Microbiol. 73, 148-155 (2007).

40. Andrews, S. FastQC: a quality control tool for high throughput sequence data. (2011). at <http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/>

41. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

42. Bankevich, A. et al. SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19,
455-477 (2012).

43. Coil, D., Jospin, G. & Darling, A. E. A5-miseq: an updated pipeline to assemble microbial genomes from Illumina MiSeq data.
Bioinformatics (2014). doi: 10.1093/bioinformatics/btu661.

44. Boetzer, M., Henkel, C. V., Jansen, H. J., Butler, D. & Pirovano, W. Scaffolding pre-assembled contigs using SSPACE. Bioinformatics
27, 578-579 (2011).

45. Luo, R. et al. SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler. GigaScience 1, 18 (2012).

46. Gurevich, A., Saveliev, V., Vyahhi, N. & Tesler, G. QUAST: quality assessment tool for genome assemblies. Bioinformatics 29,
1072-1075 (2013).

47. Darling, A. E., Mau, B. & Perna, N. T. progressiveMauve: multiple genome alignment with gene gain, loss and rearrangement.
PloS One 5, e11147 (2010).

48. Aziz, R. K. et al. The RAST Server: rapid annotations using subsystems technology. BMC Genomics 9, 75 (2008).

49. Rutherford, K. et al. Artemis: sequence visualization and annotation. Bioinformatics 16, 944-945 (2000).

50. Alikhan, N.-E, Petty, N. K., Ben Zakour, N. L. & Beatson, S. A. BLAST Ring Image Generator (BRIG): simple prokaryote genome
comparisons. BMC Genomics 12, 402 (2011).

51. Agren, J.,, Sundstrom, A., Hifstrom, T. & Segerman, B. Gegenees: fragmented alignment of multiple genomes for determining
phylogenomic distances and genetic signatures unique for specified target groups. PloS One 7, €39107 (2012).

52. Huson, D. H. & Bryant, D. Application of phylogenetic networks in evolutionary studies. Mol. Biol. Evol. 23, 254-267 (2006).

53. Treangen, T. J., Ondov, B. D., Koren, S. & Phillippy, A. M. The Harvest suite for rapid core-genome alignment and visualization
of thousands of intraspecific microbial genomes. Genome Biol. 15, 524 (2014).

54. Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0.
Mol. Biol. Evol. 30, 2725-2729 (2013).

55. Rautelin, H. & Hénninen, M. L. Comparison of a commercial test for serotyping heat-stable antigens of Campylobacter jejuni
with genotyping by pulsed-field gel electrophoresis. J. Med. Microbiol. 48, 617-621 (1999).

56. Castresana, J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol. Biol. Evol. 17,
540-552 (2000).

Acknowledgements

The whole genome sequences were deposited into the NCBI database (Bioproject PRINA268846) and
accession numbers for the strains can be found in Table S3. This work was supported by the Swedish
Research Council (grant 521-2011-3527) and Swedish Research Council FORMAS (grant 221-2012-1442).
OA was supported by the Sigrid Jusélius Foundation and the Finnish Foundation for Pediatric Research.
The study was partly presented at the 18th International workshop on Campylobacter, Helicobacter and
related organisms, 1-5 November 2015, Totura, New Zealand.

Author Contributions

C.PAS. performed the comparative and phylogenetic analyses, serum resistance assays and drafted
the manuscript. O.A. preprocessed the data, performed genome assembly and submitted the genomes.
AN. performed the DNA extractions and serotyping. P.E. supervised the serum resistance assays and
participated in the preliminary planning of the study. S.M. supervised O.A. and contributed to the
whole genome sequencing and the genome assembly process. H.R. conceived the idea, provided the
resources and materials and drafted the manuscript. All authors read and approved the final version of
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: S.M. is a current employee of and a stockholder in Blueprint Genetics.

How to cite this article: Skarp, C. P. A. et al. Comparative genomics and genome biology of invasive
Campylobacter jejuni. Sci. Rep. 5, 17300; doi: 10.1038/srep17300 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17300 | DOI: 10.1038/srep17300 10


<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>
<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Comparative genomics and genome biology of invasive Campylobacter jejuni

	Results

	Phylogenomic overviews. 
	Association of serotype, capsular features and serum resistance. 
	Restriction modification systems. 
	Campylobacter jejuni integrated elements (CJIE). 
	Virulence traits. 

	Discussion

	Materials and Methods

	Bacterial isolates and DNA extraction. 
	Whole genome sequencing, assembly and visualization. 
	Phylogenomics. 
	Serum sensitivity assay and serotyping. 
	Phylogenetic analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Phylogenomic overview of 63 C.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Phylogeny of Type III restriction modification system protein sequences.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ BRIG representation of CJIE5 among ST677CC C.
	﻿Table 1﻿﻿. ﻿  Main characteristics of ST677CC C.
	﻿Table 2﻿﻿. ﻿  Association of wcbK homopolymeric G tract with serum resistance in the ST677CC lineage.



 
    
       
          application/pdf
          
             
                Comparative genomics and genome biology of invasive Campylobacter jejuni
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17300
            
         
          
             
                C. P. A. Skarp
                O. Akinrinade
                A. J. E. Nilsson
                P. Ellström
                S. Myllykangas
                H. Rautelin
            
         
          doi:10.1038/srep17300
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17300
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17300
            
         
      
       
          
          
          
             
                doi:10.1038/srep17300
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17300
            
         
          
          
      
       
       
          True
      
   




